compositions of blue cobalt pigments do not correspond to the one given in the Kremer Pigmente catalogue and have been slightly corrected [14] . The cobalt blue light pigment contains cobalt aluminate spinel CoAl 2 O 4 as a main phase and metal oxides Al 2 O 3 and CoO as secondary phases. The XRD pattern of cobalt blue dark pigment did not contain any reflections from known inorganic phases of cobalt and aluminium. Recently, blue cobalt ceramic pigments have been synthesized using different synthetic approaches. Blue cobalt aluminate (CoAl 2 O 4 ) was prepared by solution combustion method [15] . Blue pearlescent pigment was obtained by coating microemulsion-synthesized CoAl 2 O 4 nanoparticles onto a mica-titania substrate [16] . Cobalt-doped alumina powders were synthesized by a polymeric precursor method to obtain ceramic pigment [17] .
In this paper, we present the results of a systematic study of aqueous sol-gel synthesis method to pure cobalt aluminium spinel (CoAl 2 O 4 ) and novel neodymium substituted cobalt aluminates (CoAl 1.75 Nd 0.25 O 4 , CoAl 1.5 Nd 0.5 O 4 , CoAlNdO 4 ) having spinel crystal structure. o C was added and the resulting mixture was stirred for 1 h at the same temperature. In a following step, 1,2-ethanediol (2 mL) as complexing agent was added to the reaction solution. After concentrating the solutions by evaporation at 65 o C under stirring, the Co-Al-O or Co-Al-Nd-O nitrate-acetate-glycolate sols turned into bluish transparent gels. The oven-dried (105 o C for 10 h) precursor gel powders were ground in an agate mortar and preheated for 3 h at 700°C in air. After grinding in an agate mortar, the powders were additionally sintered in air for 10 h at 1000 o C without an intermediate grinding. The flow chart of the sol-gel synthesis of transition metal ferrites is presented in Fig. 1 .
Experimental procedure
The sol-gel-derived pigments along with lead oxide (Pb 3 O 4 ) and silica (SiO 2 ) were used for the preparation of cobalt-based glazes [18] . In all cases, the same molar ratio of reactants has been selected Pb 3 O 4 : SiO 2 : pigment = 2.85 : 1.9 : 0.25. The glazes were formed on the surface of terracotta (3×2 cm). The pigments were mixed with small amount of distilled water and pasted on the terracotta plate and dried for 10 h at room temperature. The glazes were annealed at 1000 o C for 2.5 h.
Powder X-ray diffraction (XRD) measurements were performed at room temperature on a DS Bruker AXS diffractometer (CuK α radiation: λ=1.5418 Å). The infrared spectra in the range of 4000-400 cm -1 were recorded on Perkin-Elmer FT-IR Spectrum BX II FTIR spectrometer. Samples were prepared as KBr pellets (1.5%). Scanning electron microscopy (SEM) was used to study the morphology of the samples. The SEM analysis was performed under vacuum in the specimen chamber of scanning electron microscope EVO 50 XVP with an EDX detecting system. The transmission spectra were recorded with SF-56 IR Perkin Elmer Lambda 35 UV VIS spectrophotometers. Atomic force microscope (AFM) Veeco Bioscop II was also used for the characterization of synthesized glazes. The optical Leitz microscope and digital camera Canon EOS 300 D were used for the surface characterization of the obtained glazes.
Results and discussion
The XRD pattern of the sol-gel-derived CoAl 2 O 4 ceramics heated at 1000 °C for 10 h is shown in Fig. 2 . According to the XRD analysis, a fully crystallized single-phase oxide CoAl 2 O 4 with well-pronounced spinel crystal structure has been formed (PDF [44-160]) . No impurity phases in the sample were detected. The XRD pattern of the material with a nominal chemical composition of CoAl 1.75 Nd 0.25 O 4 also showed the formation of fully crystallized oxide ceramics (Fig. 3) . Evidently, when 0.25 mol of aluminium is replaced by neodymium in CoAl 2 O 4, the formation of the compound with a spinel structure still proceeds. However, from the results presented in Fig. 3 , the formation of two crystalline phases, such as perovskite rhombohedral neodymium aluminate (PDF ) and CoAl 2 O 4 could be determined. With further increasing of amount of neodymium in the system, the mixture of few crystalline phases has also formed. has not yet been reported. The most interesting fact is that under the same synthetic conditions and the same sol-gel synthetic parameters different compounds are formed, depending on the molar ratio of Al:Nd. Moreover, it is clear that Nd cannot be accommodated either at the octahedral site or at the tetrahedral one of spinel. Finally, the obtained results let us predict that the proposed simple sol-gel chemistry approach could be used for the preparation of a variety crystal structure Sol-gel synthesis and study of neodymium substitution effects in Co-Al-Nd-O system with possible applications as novel inorganic pigments compounds for new cobalt-based pigments possessing different colours.
IR spectroscopy was used as an additional tool for the structural characterization of the ceramic materials obtained by the aqueous sol-gel method. The IR results are consistent with the crystallization process observed by XRD measurements. The IR spectrum of CoAl 2 O 4 is shown in Fig. 6 . As seen, the IR spectrum of a sample calcined at 1000°C does not show any band attributable to carbonates. The IR spectrum of the sol-gel-synthesized CoAl 2 O 4 ceramics show broad absorption bands arising from O-H stretching and bending vibration of water at ∼3500-3300 cm −1 and ∼1600 cm −1 , respectively, due to the exposure of the sample to the atmosphere. Additionally, in the IR spectrum of CoAl 2 O 4 two intensive absorption lines in the region of 700-520 cm -1 could be attributed to the typical metal-oxygen (M-O) vibrations [20, 21] . The band located at ∼680 cm -1 probably belongs to the tetrahedral CoO 4 and the peak observed at ∼540 cm -1 to the octahedral AlO 6 fragments in the spinel. Fig. 7 O 3 is supported by the shift of the absorption peaks in the region of 700-520 cm -1 . The bands observed at ∼675 cm -1 and ∼595 cm -1 are also typical metal-oxygen absorptions for the perovskitetype compounds [20, 21] . The region of M-O vibrations of the CoAlNdO 3 compound is narrower. The position of the absorption peak at ∼595 cm -1 remains unchanged, however the peak at ∼675 cm -1 is shifted to considerably lower wavenumbers (∼635 cm -1 ). The bands at ca.
2000-2300 cm -1 presented in the spectra belong to the adsorbed carbon dioxide from the atmosphere [22] [23] [24] . Sol-gel synthesis and study of neodymium substitution effects in Co-Al-Nd-O system with possible applications as novel inorganic pigments are greyish with a green tinct. From these results, we could expect that the colour of the synthesized glazes using mixed aluminium-neodymium compounds would be different from that of a CoAl 2 O 4 -based glaze. In addition, the intensity of the colour of NdAl x Co 1-x O 4 pigments decreases with the decreasing amount of aluminium (or increasing amount of neodymium) in these mixed-metal compounds.
The sol-gel-derived pigments were mixed with Pb 3 O 4 and SiO 2 for the preparation of cobalt-based glazes. The glazes were formed on the surface of terracotta at 1000 o C for 2.5 h. The optical reflectance spectra of all four samples were measured at room temperature in the range of 400-750 nm. Fig. 10 demonstrates the reflectance spectra of representative glazes obtained using the following pigments: CoAl 2 O 4, mixture of CoAl 2 O 4 and NdAlO 3 and solid solution NdAl 1.5 Co 0.5 O 3 . Several repeating absorptions could be observed at the whole wavelength range and the reflectance is wavelengthdependent. The absorption edge for the investigated samples could be detected below 400 nm. In the range of 400-540 nm the cobalt-based mixed-metal glazes show a significant decrease in transmission. However, in the higher wavelength region (∼550-570 nm, ∼680 nm and ∼740 nm) several absorption bands are evident, which are possibly due to the band gap excitation of the host lattice. One interesting fact is that the recorded reflectance spectra for the different ceramic samples are very similar despite the different colours of the sol-gel-derived pigments.
Surprisingly, the obtained glazes composed of different cobalt-based pigments were blue, although the neodymium-containing pigments were greyish with a green tint (see Fig. 9 ). The images of the obtained cobalt ceramic glazes taken with a digital camera are shown in Fig. 11 . The obtained glazes have very intense and expressive bluish colours. The colour of the glazes perfectly unfolds and becomes more expressive in comparison with the colour of the pigments. The intensity of the blue colour continuously decreases with the increasing amount of neodymium in the system. Therefore, the blue colour of the novel glazes containing pigments from the synthesis products of CoAl 1.75 Nd 0.25 O 4 , CoAl 1.5 Nd 0.5 O 4 and CoAlNdO 4 could be easily controlled by the molar ratio of aluminium and neodymium. Fig. 12 shows the SEM micrographs of the new cobalt-based glazes obtained at 1000°C. It is interesting to note that almost identical surface microstructure was observed for all ceramic samples. The similarity of all SEM images of cobalt-based glazes lets us to conclude that the main morphological features of glazes are not dependent on the nature of the cobalt pigment. The surface morphology is determined by the other constituents of glazes, such as lead oxide, silica or terracotta. Therefore, the SEM method is not very useful for the characterization of cobaltbased glazes. Fig. 13 shows the AFM images of the representative new cobalt-based glazes. The roughness of glaze with CoAl 2 O 4 is marginally higher (~5-10 µm). Interestingly, the surfaces of the glazes sintered with neodymium substituted pigments are reasonably smooth. Sol-gel synthesis and study of neodymium substitution effects in Co-Al-Nd-O system with possible applications as novel inorganic pigments when the Co-Al-Nd-O (Co:Al:Nd = 1:1.5:0.5) precursor gel was heated at 1000 °C. The XRD data confirmed the formation of monophasic CoAlNdO 3 solid solution during heating the Co-Al-Nd-O (Co:Al:Nd = 1:1:1) precursor gel at 1000°C. The IR and EDX results were consistent with the crystallization process observed by XRD measurements. SEM investigation showed that the solgel-derived cobalt aluminates are composed of rather large (~5-10 µm) crystallites of different shapes. The most particles were plate-like crystallites showing pronounced agglomeration, which indicates a good connectivity between the grains. The obtained glazes using sol-gelderived CoAl 2 O 4 , and the synthesis products from the CoAl 1.75 Nd 0.25 O 4 , CoAl 1.5 Nd 0.5 O 4 , and CoAlNdO 4 showed sufficient colour characteristics. These glazes had very intensive and expressive bluish colours. The intensity of the blue colour continuously decreases with increasing amounts of neodymium in the system. Therefore, the blue colour of novel glazes containing pigments from the synthesis products of CoAl 1.75 Nd 0.25 O 4 , CoAl 1.5 Nd 0.5 O 4 and CoAlNdO 4 could be easily controlled by varying the molar ratio of aluminium and neodymium. Finally, the proposed sol-gel preparation method of new cobaltbased pigments in aqueous media is inexpensive and thus appropriate for the large scale production of such type ceramics.
Conclusions

